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This article describes a superconducting microstrip resonator operating at 9.5 GHz (X-band) that is spe-
cially designed for pulsed ESR on thin films. A novel configuration consisting of an array of half-wave
length microstrip transmission lines generates a uniform magnetic field over a 2-D region of
100 x 1000 um? with field homogeneity better than 5 x 1072. Using the device, we demonstrate strong
coupling of the resonator to an electron spin ensemble and pulsed ESR on Si:P.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Electron spin resonance (ESR) is a powerful technique in chem-
istry and materials science and has increasingly been used to gen-
erate control sequences for quantum information processing [1].
Improved sensitivity for thin film samples would benefit all of
these. To observe small ensembles with high signal-to-noise ratio
(SNR) one needs to realize a high Q resonator, have high spin polar-
ization, and tailor the microwave magnetic field of the resonator to
the geometry of the sample. Here we introduce a new supercon-
ducting resonator that is optimized for the study of 2-D samples.

High resolution ESR benefits from having both a homogeneous
external field B, and a uniform microwave field B;. The latter im-
proves sensitivity and simplifies the spin dynamics. Microwave
cavities can fulfill these requirements, however their filling factor
is small for thin film samples. The development of superconducting
planar coils [2,3] and coplanar waveguide (CPW) resonators [4-11]
have increased the filling factor significantly, but their B, fields are
not uniform over a broad 2-D region necessary to study thin films.

Here we report a superconducting microstrip resonator operat-
ing at X-band frequencies, based on a novel design of half-wave
microstrip transmission lines. An array of microstrip lines provide
a high Q resonance at the desired frequency, which generates an
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in-plane uniform magnetic field suitable for pulsed ESR experi-
ments on thin films. The performance, high sensitivity and small
mode volume are verified by demonstrating strong coupling of
the resonator to an ensemble of electron spins in perchlorotriphe-
nylmethyl (PTM) and by performing pulsed ESR of a phosphorus
doped silicon sample Si:P.

2. The microstrip resonator

Schematic of the microstrip resonator is shown in Fig. 1. A cus-
tom designed, in-phase 1-4 power splitter couples the microwave
2/2 microstrip line resonator. The coupling strength is controlled
by coupling the splitters capacitively to the strip lines. The power
splitter was designed to maintain impedance matching for maxi-
mum power transfer. The length of the //2-resonator was chosen
to have a fundamental resonance frequency @, (on a sapphire sub-
strate) of 9.5 GHz. The design ensures that all lines resonate in
phase. By optimizing the height of the sample above the resonator,
the sample experiences a magnetic field with high in-plane unifor-
mity (see Fig. 2). Simulations (Ansoft HFSS [12]) show a magnetic
field homogeneity of ~10~2 (for a range of 100 um) at 100 pm
above the resonator. The homogeneity in the z-direction is mainly
due to the boundary conditions of the //2-resonators, forming a
half sine wave between the ends of the strip line. We restrict the
sample to the central 2-D area of 100 x 1000 um?, which has
(100 pm above the resonator) a homogeneity of approximately
5% 1072, We will refer to this area as the 'uniform region’. In
general the width (y-direction) of this uniform region is
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Fig. 1. The device consists of four parallel Z/2 microstrip line resonators, which are separated by 65 pm. One 4/2-resonator is 5650 um long, 15 pm wide and 200 nm thick. It
is structurized on a 430 pm thick sapphire wafer, which has a Nb ground plane on the underside. The sample is placed on top and in the center of the resonator. It is excited by
a microwave magnetic field B;. Because of symmetry only one half of the amplitude of the microwave magnetic field is shown, so that the resonator structure and the sample
position are visible. When the thin film is placed in the uniform region (square in topview figure) the B; field is mainly determined by its y-component. The static magnetic
field is applied along the z-axis, which enables pulsed ESR in a thin film. We have fabricated resonators with up to 16 parallel striplines.
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Fig. 2. The simulated profile of B, above the middle of the microstrip resonator
when excited by a 50 Q source providing 1 W. Spatial variation in the magnetic field
is large near the surface of the substrate but reduces continuously for higher levels
such that good uniform magnetic fields are achieved 100 pm above the resonator.
Between the dashed-lines (width of roughly 100 um) the field homogeneity
B, (x,y) — By(x,0)|/|By(x,0)| is less than 5 x 1072 In the sub-figure (top right corner)
is plotted how B, (x,0) varies with height above the center of the resonator. Between
60 pm and 700 pm the magnetic field strength is in very good agreement with an
exponential decay with a characteristic length of roughly 210 pm.

determined by the number of parallel 2/2-resonators. This width is
roughly 100, 400 and 800 pm for 4, 8 and 16 parallel 1/2-resona-
tors, respectively. The magnetic field strength in the volume above
the resonator (x-direction) is in very good agreement with an expo-
nential decay between 60 pm and 700 pm. After 700 pm the mag-
netic field strength drops typically as x3/2, see Fig. 2.

Our devices were fabricated by sputtering a 200 nm thick layer
of Niobium (Nb) on both sides of a C-orientated sapphire substrate
with a thickness of 430 um, patterned by photolithography and
followed by reactive ion etching using sulfur hexafluoride (SFg).
The resulting device measured 0.3 x 1.3 cm? and was mounted in
the middle of a top-plated microstrip line carrier printed circuit

board (PCB) by silver paint to ensure thermal and electrical anchor-
ing. The device and PCB are connected by aluminum wire bonds
and all are enclosed in a copper package with two SMA connectors.

Superconducting resonators can obtain a Q of ~10° for 10 GHz
[13,14] at the lowest temperatures. Here the Q is determined by
the external losses (o 1/Qg) and the intrinsic losses (o 1/Q)),
hence 1/Q = 1/Q; + 1/Q,. As the intrinsic losses are strongly tem-
perature dependent the Q increases for lower temperatures. The Q
of the resonator used in the experiments (all performed at 4.2 K)
described below is 1500.

For optimal power transfer the resonator has to be critically
coupled to the transmission lines, controlled by adjusting the size
of the gap between the strips and the fingers of the power splitter
to match the external losses Qg to the intrinsic losses Q,. The ob-
served power transfer during our performed experiments was
approximately 10%, yielding a gap size of 150 um for optimal
power transfer at LHe temperatures. Because the Q, is temperature
dependent, the gap should be adjusted for a specific temperature in
order to achieve critical coupling. In studies to explore the Q; tem-
perature behavior we used large gaps (150 um) and observed Q’s
as high as 29,000 at 250 mK in the absence of a static external field.

The bulk critical field of Nb (H,,(0) ~ 500 mT and H,,(4.2) =
300 mT [15]) is close to the By(~ 350 mT) used for the ESR exper-
iments. However, nanostructured Nb [16] increases the critical H,
significantly, which further increases as the substrate is mounted
parallel to the applied magnetic field B, [17]. Having a lower re-
duced-field (H/H.,(0) ~0.1) will only moderately change the
properties of the resonator (Q and w,) with respect to zero field.

3. Strong coupling effects

In the past few years several groups have reported strong cou-
pling effects with an ensemble of microscopic emitters to a super-
conducting resonator. Examples, all coupled to a CPW resonator,
include transmon-type superconducting qubits [5,6], electron-
spins in solids [7], and spins in rare earth ions [8] or NV centers
[9-11]. Here we demonstrate magnetic strong coupling of the
microstrip resonator with an ensemble of electron spins. The



86 0.W.B. Benningshof et al./Journal of Magnetic Resonance 230 (2013) 84-87

9,52 : . : : -
9,50 - i J

9,48 | i -

9,46

Frequency / GHz

9,44

9,42

320 330 340 350
B,/ mT

9,40

Fig. 3. Normalized transmission |S,;| as a function of magnetic field at 4.2 K. Dashed
lines indicate the bare resonator and electron frequencies. The frequency of the
resonator slightly shifts under the influence of the increasing magnetic field. The
avoided crossing of the coupled resonator spin-ensemble is observed at wy = w;,
which yields a vacuum Rabi splitting of 41.6MHz = 2 - G,,s/27. Due to line
resonances in the transmission lines, some artifacts are visible in the background.

ensemble consist of the stable free radicals of PTM, which have a g-
factor of 2.0026 [18].

Tavis and Cummings [19] analyzed the coupling of N identical
two level systems to a single-mode quantized radiation field. They
showed that with a coupling g; of every individual electron with
the resonator the collective interaction of the ensemble scales with
VN, hence Geys = g;vN. The strong coupling regime is entered
when Gg,s > 1,7, where k and ) are the resonator and emitter
damping rates, respectively. The generalized collective coupling
constant [8,7,10] for a homogeneous distribution of the electron
spin density p is given by:

Gens — &k {nuoharp, (1)
2h
where { = (2;2) is the relative electron spin-polarization. The fill-

ing factor #n in the uniform
1= [ 1By(T)2dVsampic/ [(|B1 (T)*)dV.

Typically, strong coupling effects in CPW resonators are
achieved with ~ 10" microscopic emitters. However, the charac-
teristic mode volume of CPW structures is roughly 10-100 times
smaller than for microstrip structures. To compensate, and consid-
ered that G,,s should be larger than x /27 ~ 6.8 MHz, we aimed for
a polarized electron ensemble of ~ 10",

The crystals, with an approximated total volume of
6 x 107" m3 (£3 x 107" m3), were placed in the middle of and
100 um above the resonator (uniform region). The PTM crystal
was formed as a clathrate with benzene [20] with a density of
1.3 x 10% electron spins m~2. This density provided us with an
ensemble of 8 x 10'® electron spins. The resonator contained by
the microwave package was cooled to LHe temperatures in a dewar
with a superconducting magnet, resulting in a spin polarization
near resonance of 6%. The setup was connected to two copper
semi-rigid coax cables from LHe temperatures to an Agilent
N5230A PNA-L network analyzer. The S-parameters were mea-
sured while the magnetic field was slowly ramped. The normalized
results of the |S;;| are displayed in Fig. 3.

The calculated collective coupling constant from Eq. (1) is
Gens/2m = 21.8 MHz (where # is estimated to be approximately
4 x 107%), which agrees with our observations of the vacuum Rabi
splitting to within 5%. The coupling constant for a single electron is

region is given by

then g;/27 = 0.30 Hz. As expected, this is two orders of magnitude
lower than the coupling for a typical CPW resonator measurement,
due to the higher mode volume for the microstrip resonator.

4. Nutation spectroscopy

We also used the microstrip resonator to obtain a 1-D ESR im-
age (or projection) of the electron spin density of a bulk sample.
This allowed us to study the uniformity and the spatial mapping
of the B; field. As the magnetic field drops very nearly exponen-
tially above the //2-resonators, the Rabi spectrum is a 1-D image
of the electron spin density. Our experiment is based on the 2-D
NMR study of near-surface regions of conductors by Skibbe and
Neue [21]. In their case the B; falls off due to the skin effect in
the conductors.

A fit of our simulations yields a field above the resonator that
drops as B, (x) = VAe ™" between 60 and 700 um, where V is the
pulse voltage, A =0.24 mT/V and / is the characteristic length of
210 pm. For a bulk sample placed on top of the resonator all elec-
tron spins at any height (x) will experience a field B, (x). Conse-
quently, the electrons in a sheet parallel to the resonator plane
will experience the same magnetic field. Thus, the Rabi frequency
varies with sample height above the resonator.

The simplest pulsed ESR experiment consists of a single pulse,
however, the ring down time (Q/w,) for the resonator is compara-
ble to the relaxation time T of our system [22]. In this case it is
more convenient to record a spin-echo [23]. The pulse sequence is
t, — T — t, — t5, where t, is the pulse length, T the dephasing time,
and ¢, the acquisition time, during which the echo is recorded.

In a uniform field the echo intensity from two identical pulses is
sin(6) sinz(g), where 0 is the nutation angle [24]. The echo intensity
is easiestly understood as an integral of the echo response over the
spin density p(x) above the resonator. The contribution of the spins
depends on their position relative to the resonator. By the principle
of reciprocity [25] the contribution of the spins scales as the distri-
bution of B,(x) over the sample, hence e=/*.

S(V) o /p(x)e*"/’? sin(y,B, (x)t,) sin® <M> dx, (2)

where 7y, is the electron gyromagnetic ratio, 1.7608 x 10"
rad s—! T-!. It is convenient to rewrite the integral using the identity
sin(0) sin* () = 1 sin(0) — 1 sin(20). We then see that the signal
corresponds to the sum of two Fourier encodings:

S(V) /@e”‘“ sin(y,B, (x)t,)dx
- /@e’w sin(2y,By (X)t,)dx. (3)

Following Skibbe and Neue we rescale the spatial coordinate as
a logarithm since B, (x) = VAe ™,

S(V) —% /p(—},ln(x’))sin(2nv1 (X V)dx
+§/p(—/lln(x’))sin(4nv1(x’)V)dx’, (4)

where 27y, = 7,At,x'. Here we see that in the case where B, (x)
drops exponentially over the sample (for non-linear functions the
number of spins per interval B, (x) increases with decreasing slope)
it exactly cancels out the damped signal of the spins due to their po-
sition, as already observed by Skibbe and Neue. The Fourier trans-
form reveals:

FSV)) o f}tn pl-7In(x) & yzjftp p(in(X/2).  (5)
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Fig. 4. 1-D spectrum of the Si:P sample. The crystal has an uniform electron density,
therefore its irregular shape shows up in the 1-D image.

We use nutation spectroscopy with echo readout to map the
spin density as a function of height above the resonator.

In order to determine the spin density distribution p(x) from
the Fourier spectrum, we have to make a correction. As shown in
Eq. (5), the Fourier transform contains two copies of the image
with Nyquist frequencies that differ by a factor of 2. We suppress
the second component by starting from the lowest frequency and
adding it to the amplitude of the higher frequency.

Si:P with a phosphorus doping concentration of ~10'” P/cm? is a
convenient sample as the T; is shorter than 1 s [26] at LHe temper-
atures. Due to hyperfine splitting at these temperatures [27] one of
the electron spin resonance lines in the experiment is matched to
the resonance frequency of the resonator. The irregular shaped
crystal, with approximate dimensions of 0.3 x 1.8 x 0.7 mm°
(W x L x H), was placed in the middle of the resonator and lifted
100 pm with a Kapton spacer.

The spectrometer is a home-built X-band pulsed ESR system. The
pulse length t, was kept fixed at 100 ns during all of the experi-
ments with an echo time 7 of 1.4 ps. The variation in pulse strength
was controlled by varying (in 20 steps) the pulse voltage between
zero and 20V (corresponding to a B; of ~3 mT at 100 um). Each
spectrum is the average of 64 scans with 10 s in between. Fig. 4
shows the observed spin density as a function of height above the
resonator and resonance frequency for the Si:P sample.

5. Conclusion

The high-Q and uniform field over a broad 2-D region of the mi-
cro-stripline cavity presented in this work enables X-band pulsed
ESR studies of thin film samples. In addition to providing a spectro-
scopic tool for chemistry and materials science of thin films, the
described device may find application in planar multinode designs
for a quantum information processor [28-30]. To verify the perfor-

mance of the resonator, we demonstrated nutation spectroscopy
depth probing of a Si:P sample and strong coupling to an organic
radical spin ensemble with a coupling constant for a individual
electron spin of g;/27 = 0.30 Hz.
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